Abstract-This paper gives a comprehensive comparison of two promising silicon carbide (SiC) switching devices, i.e. normally-off SiC MOSFET and a normally-on SiC JFET, as alternatives to a conventional state of the art Si IGBT. The comparison uses datasheet information to determine conduction losses, switching transition measurements for switching loss calculations and electrical power measurements in a boost converter. Using SiC switching devices, switching energies can be reduced by almost 70 % and the forward voltages of such devices are much lower compared to the IGBT which then reduce the conduction losses. This reduction in semiconductor losses can increase overall converter efficiencies up to 0.4 % at 20 kHz or enable high frequency operation up to 100 kHz which then reduces the size and weight of the inductor by more than 75 % while still achieving efficiencies over 98.3 %.
I. INTRODUCTION
In residential photovoltaic (PV) systems, transformer-less topologies are favored due to the smaller size, weight, lower cost and higher efficiencies compared to their transformer-based alternatives [1] . However, a boost converter as a preregulator is then necessary in order to ensure a DC link voltage large enough to obtain the desired grid voltage. For three-phase PV systems, the DC link voltage is typically in the range of 700 V and can reach up to 1000 V. Thus, the semiconductor devices are typically chosen to have a breakdown voltage of 1200 V, which limits the choice mainly to Si IGBTs.
For power converters equipped with such semiconductor devices, however, the switching frequency usually becomes the limiting factor when it comes to high efficiency power conversion. Where a simple boost converter generally requires only one diode, one switching element and one inductor, the latter in this configuration usually becomes bulky, heavy and expensive due to the low switching frequency operation of the Si IGBT in order to maintain a reasonable small input current ripple. Interleaved boost converter (IBC) topologies can therefore be an attractive alternative due to the reduced input current ripple [2] which consequently improves the power quality and power-point tracking (MPPT) performance [3] with the trade-offs against other criteria such as additional components, increased complexity or unequal load sharing [4] . To furthermore improve the performance of the preregulator stage of the PV system, previous work has investigated the use of new semiconductor devices made of silicon carbide (SiC) material. With the commercialization of SiC diodes in 2001 [5] , which have the particular benefit of having zero reverse recovery current, the positive impact of the new kind of semiconductor devices on switching loss reduction and reduced electromagnetic interference (EMI) has been reported for instance in [6] , [7] and efficiency improvements of up to 0.8 % in a boost converter with SiC diodes were achieved in [3] .
After the successful commercialization of SiC diodes, research interest has moved towards the utilization of SiC semiconductor switching devices in power converters as direct replacements for Si IGBTs and Si MOSFETs. Due to the higher electric field breakdown strength of SiC material, not only the on-resistance can be reduced compared to a Si MOSFET of an equivalent rating [8] , but also the switching energies (in particular compared to IGBTs [9] ). The benefits of SiC switching devices compared to Si based alternatives for various applications have been reported in previous work [10] - [15] .
Among the various SiC switching alternatives to date, two main candidates can be pointed out and are hence intensively tested in this work: The normally-off SiC MOSFET and the normally-on SiC JFET. Although previous work clearly highlights the potentials of these two SiC switching devices, neither of them have fully become the new standard component in commercial products. Apart from the small availability through distribution channels, main issues are related to the (long-term) reliability, which is still ongoing research work [16] - [18] .
The SiC MOSFET is claimed to have long-term reliability issues due to its thin oxide layer [19] , [20] , which is a major reason for not utilizing it in commercial products. In contrast, the depletion mode JFET does not have the reliability issue like the SiC MOSFET and shows a superior short circuit behavior [21] , however its normally-on behavior is the main argument for not using it as a direct replacement for Si devices. the normally-on characteristic is a crucial aspect when it comes to voltage source inverters (VSI) comprising of large DC link capacitors and additional protection may then be necessary [22] . Although the normally-on characteristic can be overcome with an in series placed low voltage Si MOSFET in cascode configuration (either conventional cascode [23] or direct driven cascode [24] , [25] ), this solution also adds complexity to the system. In a current source converter like the boost converter, however, the normally-on characteristic of the JFET is not a major drawback and a pure normally-on SiC could be an option in such application. Although switching and conduction performance of these two SiC switching devices can be found in previous work, a direct performance comparison other than simple double pulse test measurements [26] is not known to the authors. This paper therefore gives a comprehensive comparison between these two promising SiC switching device technologies compared to a conventional Si IGBT of an equivalent rating. The comparison uses semiconductor loss models derived from datasheet parameters (conduction losses), measured switching transitions (switching losses) and efficiency measurements on a 4 kW boost converter under exactly the same operating conditions. Compared to a Si IGBT based converter as a reference, this work provides design guidelines when adopting the new kind of switching devices.
II. COMPARISON OF SI AND SIC SWITCHES
The devices used in this comparison are Infineon's third generation Si IGBT IKW15N120H3, Cree's SiC MOSFET C2M0080120D and Infineon's normally-on SiC JFET IJW120R070T1 with their main characteristics given in Table I . Since SiC switching devices are claimed to replace Si IGBTs in the future, their gate driver circuits are discussed in order to point out the differences and similarities because each switching device needs a specific gate driver circuit as different voltage levels on the gate are required.
A. Si IGBT gate driver
The gate driver circuit for the Si IGBT is used as a reference for comparison of the SiC MOSFET and SiC JFET; all gate driver constellations are shown in Fig. 1 . Based on Table I , the IGBT can be switched on and off with ±20 V as an absolute maximum rating. It is recommended in high speed high power applications to use negative voltages for turning off the IGBTs in order to increase the gap between the gate driver voltage and the threshold voltage of the semiconductor device. Else the risk for unwanted turn on may be increased either due to parasitic inductances in the switching loop or due to the effect of the Miller capacitance. For this reference design, only commercially available components are chosen to ease any reproduction. A 2 W DC/DC converter RKZ-1215D is used to provide galvanic isolation with ±15 V output voltages which are used to turn the IGBT on and off, respectively. The signal transmission from the control board to the power stage is done with optic fiber, whose receiver HFBR-2521Z is driven with 4.7 V obtained by a simple zener diode. The PWM signal is amplified by the gate driver IC IXDN609 supplied with ±15 V yielding in a total voltage of 30 V. The collector of the IGBT is referenced to GN D sek which has been properly decoupled by two capacitors which are supposed to be placed as close as possible to the switching device in order to minimize any stray inductance in the gate driver loop.
B. SiC MOSFET gate driver
The absolut maximum ratings for the gate-source voltage of the SiC MOSFET are −10 V for turn off and +25 V for turn on. Hence the Si IGBT gate driver needs to be modified in order to fulfill these requirements. Taking into account some margin to stay safely within the absolute maximum ratings, the SiC MOSFET can be driven with approx. −5 V and +20 V. Hence two things need to be modified:
1) Replace the DC/DC converter with the RKZ-1212D
which provides galvanic isolation and two output voltages ±12 V 2) Reference the source of the SiC MOSFET to the voltage of the zener diode, i.e. −7.3 V The driving voltage for turn on is then according to Kirchoff's voltage law (KVL)
and the turn off voltage, respectively
Hence the SiC MOSFET can easily be adapted into a Si IGBT based converter with only minor modifications. Basically, only a change in the DC/DC converter and the reference voltage are necessary.
C. SiC JFET gate driver
The gate driver circuit for the SiC JFET requires more attention since the device differs internally from IGBTs or MOSFETs [27] . Since the JFET is a depletion mode device, it is turned on with a control voltage of 0 V and a negative voltage must be applied to turn the device off. The datasheet states this pinch-off voltage of the JFET to be around −16 V which may vary from one device to another. Furthermore, at around −23 V, the gate-source junction enters reverse breakdown and hence a gate-source voltage of −20 V is usually recommended in order to fully turn the device off. In [27] , a driver circuit for a normally-on JFET is proposed to overcome this particular issue with the reverse breakdown, and it is therefore used in this work. Where the detailed explanation of the gate driver can be found in [27] , it is only mentioned here that three additional electronic components are needed and the reference voltage, once again, must be shifted. The two modifications for the SiC JFET gate driver are therefore: 1) Place a RCD network between the gate resistance and the gate of the JFET 2) Reference the source of the JFET to the positive supply voltage of the DC/DC converter output, i.e. +15 V
D. Static characteristics
One of the properties of SiC based switching devices is to reduce the conduction losses. The voltage drop of a semiconductor device directly relates to the conduction losses which represent a significant contribution to the overall converter losses. The specific forward voltages for the devices used in this work are taken from datasheet information and are presented in Fig. 2 . Once can see that over the whole current range of interest, the Si IGBT has the largest forward voltages. The reason for that is that the IGBT is a bipolar switching device which can be modeled as a series connection of a voltage source representing the zero on-state voltage V 0 and a dynamic resistance r on . For a unipolar device such as the SiC MOSFET and the SiC JFET, there is no zero on-state voltage and only the channel resistance R on is given. Hence, conduction losses of both SiC switching devices will be smaller at any given operating point in this work. 
E. Dynamic characteristics
Another benefit when using SiC devices are the reduced switching losses in a given converter application. In an initial design approach, switching energies are mostly compared based on the information provided in the datasheet. However, this may lead to unfair comparisons if the test setup differ from one manufacturer to another (use of different free-wheeling diodes with different reverse recovery currents, different gate resistors, etc.). Therefore, this work compares the switching energies at exactly the same test conditions including the same inductor and the same free-wheeling diode. Furthermore, the gate resistors are adjusted to maintain a similar peak gate current for a fair comparison. The test setup is shown in Fig. 3a and the current measurement (flat current shunt) is shown in Fig. 3b which has been presented in [28] . current measured on the oscilloscope, switching energies can then be obtained by numerically integrating the instantaneous power (which is simply the product of the measured voltage and current). The results of this procedure for currents from 2 A to 10 A are shown in Fig. 6 . It verifies that the Si IGBT has highest switching energies for both turn on and turn off, though the discrepancy is larger at the turn off energies. That is mainly due to the tail current associated to Si IGBTs. Especially at larger currents, the SiC devices outperform the Si IGBT. Comparing the SiC switching devices, the SiC MOSFET shows lower turn off switching energies compared to its SiC JFET competitor at increased currents.
III. BOOST CONVERTER
Based on the previous analysis, the performance comparison between the SiC switching devices can be extended to a loss analysis for a given power converter; in this work it is a boost converter with specifications for a typical PV system whose block diagram is shown in Fig. 7a . The main components of the boost converter are the boost inductor L, the switching element S and a diode D as depicted in Fig. 7b . Assuming continuous conduction mode (CCM) with two different input voltages, 400 V and 500 V, and a fixed output voltage of 700 V, the duty cycle d can then be calculated according to 
The current ripple is often a crucial factor when designing the boost converter as it creates harmonics and causes EMI. A typical design procedure is to limit the current ripple ΔI to be around 20 % of the DC current. With a switching frequency f sw initially set to 20 kHz in order to avoid audible noise coming from the inductor, the size of the inductor is calculated to be 3 mH.
This yields in a current ripple of 22 %. The 3 mH boost inductor is taken from a commercial PV inverter and it comprises of six KoolMu 77439-A7 cores stacked together with 60 turns. Taking advantage of the superior switching characteristics of the SiC switching devices, the switching frequency is increased to 100 kHz in this work which then reduces the size of the inductor for a given current ripple according to Eq. (5). The new inductor is set to 1 mH which will result in a current ripple percentage of 13 % only. This gives a current ripple decrease of more than 40 %. The new inductor is made of one MPP 55192-A2 core which in general may be more expensive than KoolMu, but it has a superior core loss performance which is very attractive at increased switching frequency operation. Also, due to the reduction in inductor size, only one core is necessary whereas the 3 mH core uses six KoolMu cores stacked together. Table III summarizes the most important specifications and Fig. 8 shows both inductors used in this work. 
A. Loss analysis
Since this work primarily compares the performances of the switching devices, the loss analysis focuses on the semiconductor losses only as this is where the loss reduction occurs. The conduction losses in the Si IGBT and the SiC diode can be expressed using piece-wise linear models, i.e.
where V f represents the zero on-state voltage, I AV the average current through the switching device, r on the dynamic on-state resistance and I rms the root-mean-square (RMS) value of the current through the switch. The SiC MOSFET and SiC JFET are unipolar devices and hence only the on-resistance R DS(on) is used to calculate the conduction losses,
Referring to Fig. 6 , the switching energies show a linear relationship to the current. Assuming the small ripple approximation, switching energies for a given base voltage (V Base = 800V in this work) can be described as
with a on ,a of f ,b on and b of f being the curve fitting constants. Switching losses can then be obtained by linear scaling the switching energies to the given switching voltage of the device (which is the output voltage in the case of a boost converter) and by multiplying the result with the chosen switching frequency f sw
Applying Eq. (6)-Eq. (10), the semiconductor losses can be calculated for any given operating point. As an example, for an output power of 2.5 kW and the two different input voltages (namely 400 V and 500 V), the results for the semiconductor loss breakdown analysis are shown in Fig. 9 . The IGBT switching losses show a dominant contribution to the overall semiconductor losses. For instance, at an input voltage of 400 V, switching losses in the IGBT are 11.8 W whereas the switching losses of the SiC MOSFET are only 4.3 W which gives a switching loss reduction of more than 60 %. Not only switching loss reduction occurs by replacing the switching element to a SiC device. Also conduction losses Thus total semiconductor losses can be reduced by more than 50 %.
B. Experimental results
To verify the loss modeling approach from the previous section, a boost converter prototype is designed and shown in Fig. 10 . Efficiencies for an output power up to 4 kW are recorded using a N4L PPA5500 power analyzer with a basic accuracy of 0.02 % and which can measure harmonics up to 2 MHz. The operating specifications are given in Table IV . Starting with a switching frequency of 20 kHz and 400 V input voltage, the results are shown in Fig. 11a and for an input voltage of 500 V, the results are presented in Fig. 11b . Both graphs show that both the Si and SiC based converters can achieve high efficiencies over 98 % throughout almost the entire operating range. Using SiC switching devices, maximum efficiency improvements of around 0.4 % can be achieved which is a semiconductor loss reduction of more than 12 W.
It is now possible to compare the predicted semiconductor loss reduction based on the modeling approach from the previous section with the measurements presented in this section. Fig. 12 shows that the predictions and measurements match well throughout the entire operating range. Furthermore, it states that the loss reduction with SiC based converters is greater at lower input voltages. The reason for that lies in the larger input current and duty cycle of the switch for a given output voltage and output power, which then stresses the switching element more because of the increased switched current (larger switching losses) combined with the larger conduction losses due to the larger RMS current through the switch.
Since the modeling approach from the previous section matches well with the measurements, the semiconductor loss models can be used with confidence for further analysis, presenting the semiconductor losses for the three switching devices in Fig. 13 in order to give a direct performance comparison. The increase in semiconductor losses against the output power is greatest for the IGBT whereas the MOSFET and the JFET show similar performance behavior. The reason for that is that the MOSFET has lower switching energies compared to the JFET, but its on-resistance is higher which, in the end, results in very similar total semiconductor losses throughout the entire operating range. Using SiC switching devices for increased switching frequency operation, in order to reduce the size of the passive components measurements are repeated for 100 kHz operation with the 1 mH inductor. The results are shown in Fig. 14 . Also at higher switching frequencies, efficiencies are still close to each other and a peak value of up to 98.3 % is achieved. Only at low power operation, a significant drop in efficiency is present mainly because the switching losses and the core losses are major contributions in that operating range. It is worthy of comment that the SiC JFET seems to have higher efficiencies especially in the lower power range. Referring to Fig. 6 , the SiC JFET has quite competitive turn off switching energies to the SiC MOSFET at low currents and the difference becomes only significant as the current increases. However, as the current increases at increased output power, the JFET can benefit from its lower on-resistance. Therefore, instead of looking at the overall efficiencies, semiconductor losses are used (based on the modeling approach from the previous section), shown in Fig. 15 . One can see that the semiconductor losses of the SiC MOSFET become slightly lower compared to the JFET -especially at increased power levels. That is due to the superior turn off energies of the MOSFET which outperform the lower conduction losses of the JFET at this particular switching frequency. From a semiconductor loss point of view, the SiC MOSFET has total losses of almost 22 W at 400 V input voltage whereas the JFET has around 26 W. However, such loss reduction of 4 W operating at 2.6 kW output power has only a minor influence on the overall efficiency. The same statement can be extended to the operation with 500 V input voltage and up to 4 kW output power. Hence for the given specifications in this work, both the JFET and the MOSFET perform very similar in terms of semiconductor losses.
IV. CONCLUSION
In this paper, three state of the art switching devices have been compared to each other. The comparison uses analytical semiconductor loss models based on conduction losses derived from datasheet information, and switching losses obtained via switching transition measurements. The loss models and hence the predicted semiconductor loss reduction with the use of SiC switching devices are verified using electrical power measurements in a boost converter operating under various conditions up to 4 kW. Both SiC based converters achieve high efficiencies of up to 98.8 % at a switching frequency of 20 kHz, which is 0.4 % higher than its Si alternative. At that operating frequency, both SiC alternatives perform very similar. With SiC switching devices utilized, operating frequency is increased up to 100 kHz which reduces the boost inductance from 3 mH down to 1 mH. This not only reduces the current ripple from 22 % down to 13 %, but also reduces the size and weight of the inductor by over 75 %. Even at 100 kHz operation, competitive efficiencies of up to 98.3 % can be achieved and both SiC alternatives show similar semiconductor losses. Therefore, within the specifications in this work, one SiC switching device can not be favored over the other based on a loss point of view.
